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Introduction 

To achieve conversion efficiencies of over 35% using solar cells, the fabrication 

of tandem structures is required. In a theoretical calculation on a two-junction solar cell 

structure, when Cu(In,Ga)Se2 (CIGS) or Si solar cells with a bandgap of approximately 

1.15 eV are used as bottom cells, the top cell bandgap should be approximately 1.75 eV 

to achieve an efficiency of over 35%.
1)

 Ag(In,Ga)Se2 (AIGS) is one of the promising 

candidates for the top-cell absorber in the tandem structure since its bandgap can be 

tuned from 1.24 (AgInSe2) to 1.83 eV (AgGaSe2) by varying the Ga/(In+Ga) ratio.
2,3)

 

However, the conversion efficiency of AIGS solar cells is still lower than that required 

for the top cell. In this thesis, two efficiency-limiting factors of AIGS solar cells were 

investigated: the roll-over-shaped current density-voltage (J-V) characteristic and the 

mismatch of the conduction band offset at the CdS/AIGS interface. 

 

Prevention of the roll-over-shaped J-V characteristic 

One of the causes of the low performance in AIGS solar cells has been considered 

to be the roll-over shape that appears in the J-V curve, as shown in Fig. 1. In general, a 

roll-over-shaped J-V characteristic is modeled as a leaky inverted diode in series with 

the main junction photodiode.
4)

 The leaky inverted diode affects the J-V curve of the 

main photodiode and degrades VOC and particularly FF. Therefore, the origin of the 

roll-over-shaped J-V characteristics was investigated by experimental measurements 

and device simulation. A measurement of the electrical properties of AIGS layers was 

first performed because there have been no reports on the measured electrical properties. 

The electrical properties of the AIGS layer were successfully evaluated by a new 

technique consisting of AC Hall measurement and a peel-off process to separate the  
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Fig. 1 Typical illuminated J–V curve of an AIGS solar cell. 

Here, JSC is short-circuit current density, VOC is open-circuit voltage, 

FF is fill factor, and Eff is conversion efficiency. 

 

AIGS layer from the Mo-coated soda-lime glass substrate, and a hole concentration of 

2.2 × 10
12

 cm
–3

 and the mobility of 0.35 cm
2
/(V∙s) was measured.

5,6)
 The theoretical 

simulation based on the measured electrical properties revealed that the roll-over shape 

is due to the very low hole concentration. Under an applied forward bias, the band 

bending near the back contact of the AIGS layer forms an intrinsic semiconductor 

owing to the injected electrons, leading to the formation of an inverted diode.
6)

 

One obvious means of avoiding a roll-over-shaped J-V curve is to increase the 

hole concentration in the AIGS layer. Figure 2 shows the calculated J-V curves when 

the hole concentration of the AIGS layer was increased from 2.0 × 10
12

 to 3.0 × 10
15

 

cm
–3

 by fixing the deep donor-like defect concentration at 3.28 × 10
14

 cm
–3

 and 

increasing the shallow acceptor concentration from 3.30 × 10
14

 to 3.30 × 10
15

 cm
–3

. As a 

result, the roll-over shape disappeared from the J-V curve, and Eff was significantly 

improved from 8.4 to 13.1%. Moreover, the hole concentration of the AIGS layer was 
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increased by NaF postdeposition treatment and an improvement of VOC and FF was 

confirmed. VOC, FF, and Eff were improved from 0.90 V, 0.49, and 7.1% to 0.98 V, 

0.55, and 8.5%, respectively.
6)

 

 

 

 

Mismatch of the conduction band offset at the CdS/AIGS interface 

To further improve the conversion efficiency of AIGS solar cells, it is necessary 

to reduce the mismatch due to the conduction band offset (CBO) at the buffer 

layer/AIGS interface.
7)

 Although CdS is currently used as the main buffer layer in AIGS 

solar cells, the CBO at a CdS/AIGS interface was measured by in situ photoemission 

spectroscopy and inverse photoemission spectroscopy, and its value was approximately 

–0.4 eV,
8)

 suggesting the presence of a strong cliff-type alignment at the interface, as 

shown in Fig. 3. The recombination at the CdS/AIGS interface was reduced by 

introducing a ZnS(O,OH) buffer layer instead of a CdS buffer layer. As a result, VOC 

and JSC were improved, although FF decreased markedly. The theoretical simulation 

indicates that the decrease in FF is caused by a large CBO of 1.0 eV at the 
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Fig.2 Calculated J-V curves when the hole concentration of the 

AIGS layer was increased from 2.0 × 10
12

 to 3.0 × 10
15

 cm
–3

. 
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ZnS(O,OH)/ZnO interface, which hinders the flow of electrons under an applied 

forward bias. Therefore, in this thesis, the introduction of a CdS/ZnS(O,OH) hybrid 

buffer layer is proposed, which can lower both CBOs.
9)

 Figure 4 shows the band 

alignment of ZnO/CdS/ZnS(O,OH)/AIGS structure without bias voltage. As a result, the 

decrease in FF was suppressed compared with that for the ZnS(O,OH) single buffer 

layer owing to the reduced value of the CBO at the buffer/ZnO interface, and finally the 

solar cell performance with a bandgap of approximately 1.75 eV was JSC = 16.8 

mA/cm
2
, VOC = 0.98 V, FF = 0.59, and Eff = 9.7%. 

 

 

Fig. 3 Band alignment of ZnO/CdS/AIGS structure without bias voltage. 

 

 

 

Fig. 4 Band alignment of ZnO/CdS/ZnS(O,OH)/AIGS structure 

without bias voltage. 
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